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Description 

AN IMPROVED VOLTAGE TO CURRENT 
CONVERTER CIRCUIT 

Background of Invention 
[000 1 ] FIELD OF THE INVENTION 

[0002] The present invention relates to analog converters and 
more particularly to an improved voltage to current con- 
verter circuit using a variable bias voltage in the half cas- 
code current mirror in the output stage that is well 
adapted to phase locked loop (PLL) applications. 

[0003] jo date, the digital IC chips that are packaged on a 

printed circuit board are generally clocked by a so-called 
main or system clock which is distributed on the whole 
board. Even these chips are identical, because they may 
have different specifications depending they are in the 
best, nominal or worst case conditions, the clock signals 
that are derived from the main clock may arrive at differ- 
ent times, so that, for instance, the sampling operations 
are performed with more or less time shift. This is the role 



of Phase Locked Loop (PLL) circuits to realign the clock 
signals in said digital chips for signal synchronization 
outside the chips. In particular, analog hardware macro 
PLLs, such as standard PLLs, video/audio PLLs, and the 
like are widely used inside digital circuits such as micro- 
processors, DSPs , MPEG 2 decoders, and the like in order 
to minimize the clock skew at the board level. Unfortu- 
nately, PLLs are not perfect circuits and they may induce 
internal jitter that often becomes the main contributor to 
clock skew. Therefore, the lower the jitter, the higher the 
circuit speed and global performance. 
[0004] Conventional PLLs are generally comprised of a voltage to 
current (V2I) converter circuit followed by a current con- 
trolled oscillator (CCO) circuit. FIG. la schematically 
shows the block diagram architecture of such a conven- 
tional V2I converter circuit. Now turning to FIG. la, the V2I 
converter circuit referenced 10 is basically comprised of 
three stages referenced 11, 12 and 13. The first stage 11 
is formed by two differential amplifiers 14 and 15 having 
their inputs adequately connected in parallel at input ter- 
minals 16 and 17 respectively. Single-ended input voltage 
signals V and V supplied by filters in a preceding 
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stage (not shown) are applied to said input terminals 16 



and 17 respectively, to create a differential input voltage 
Vin therebetween. Likewise, the outputs of differential 
amplifiers 14 and 15 are connected in parallel at nodes 18 
and 19 respectively. The second stage 12 consists of a 
transconductor formed by three current sources 20, 21 
and 22 biased between a positive voltage A and the 
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ground G to generate currents 21, 21 and I respectively. 

nd 

Current source 20 is connected to node 18 and current 
sources 21 and 22 are connected to node 19. Because V2I 
converter circuits are generally constructed by analog 
blocks implementing CMOSFET transistors, these current 
sources typically feed two NMOS transistors TNI and TN2 
mounted in a current mirror mode (typically in a cascode 
configuration) with a common gate connection at node 23 
(same potential as node 18). Finally, a half cascode cur- 
rent mirror forms the third stage 13, also referred to 
hereinbelow as the output stage. It consists of transistors 
TN3 and TN4. Transistor TN3 will be referred to hereinbe- 
low as the output cascode transistor. The drain of NMOS 
transistor TN3 and the gate of transistor TN4 are tied to 
node 24 (same potential as node 19) which also plays the 
role of the output terminal for the whole V2I converter 
circuit 10. The gate of TN3 receives a constant voltage V 



, which is around 0.7 V, supplied by a biasing circuit con- 
sisting of a current source generating a current I and a 
resistor R (or a transistor). The current I which flows into 

c 

transistors TN3 and TN4 creates an output voltage V at 
output terminal 24. Output voltage V is applied to the 
input of the other half cascode current mirror placed in 
the CCO (not shown) as standard. A similar circuit combi- 
nation (V2I and CCO) is described in the article "Fully Inte- 
grated CMOS Phase Locked Loop with 15 to 240 MHz 
Locking Range and +/- 50 ps Jitter" authored by llya I. 
Novof & al, and published in the IEEE Journal of Solid State 
Circuits, vol. 30, N° 11, November 1995, pages 
1259-1266. 

[0005] | n reality, the voltage to current converter properly said 

only consists of stages 11 and 12, in order to inject a cur- 
rent l c , function of the differential input voltage Vin in the 
half cascode current mirror of the third stage 13. FIG. lb 
shows the relation between the current I and the differ- 
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ential input voltage Vin equal to V -V . As apparent 
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in FIG. lb, I =1 when V -V =0. 
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[0006] FIG. 2 shows a typical detailed hardware implementation 
referenced 10" of the V2I converter circuit 10 of FIG. 1 still 
in a CMOSFET technology. Like reference (with prime) nu- 



merals are used through the several drawings to desig- 
nate identical (corresponding) parts. Now turning to FIG. 
2, the two differential amplifiers 14 and 15 of the first 
stage 11 have an identical construction and are formed by 
two pairs of three NMOS transistors, TN5, TN6, TN7 and 
TN8, TN9, TN10 respectively that are connected as stan- 
dard. As apparent in FIG. 2, in the second stage 12, each 
current source is formed by a pair of PMOS transistors 
TP1/TP2, TP3/TP4 and TP5/TP6 to generate the 21, 21 and 
I currents respectively. On the other hand, two NMOS 
transistors TN11 and TN12 have been added to transis- 
tors TNI and TN2 to complete a cascode current mirror 
for proper operation thereof. Finally, the third stage 13 
remains unchanged with respect to FIG. 1. Reference volt- 
age V and V are applied to the gate of transistors 
TN11/TN12 and TN7/TN10 respectively. Supply voltage A vdd 
and biasing voltages V and V are adequately con- 

3 3 BPO BP1 ^ 1 

nected to these transistors as shown in FIG. 2. 
[0007] The CMOSFET transistors of the V2I converter circuit 10' 
(and the CCO as well) usually operate in the saturation 
mode. The jitter that is observed at the CCO circuit output 
increases if some transistors leave the saturation mode. 
Unfortunately, in the third stage 13, NMOS transistors TN3 



and TN4 cannot be fully saturated at the same time, i.e. 
the well-known relation Vds>Vgs-Vt which describes the 
saturation state for a MOS transistor cannot be simultane- 
ously met. This results of their serial connection to realize 
a cascode current mirror circuit located at the V2I con- 
verter circuit 10' output which is fed by the current sup- 
plied by the second stage and of the fact that NMOS cas- 
code output transistor TN3 is biased by a constant voltage 
V . Depending upon the current I value which varies 
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between approximately 0 and approximately 21, either 
transistor TN3 or TN4 goes out of the full saturation, and 
therefore is no longer noise immune, finally causing a jit- 
ter increase which is detrimental to the overall CCO per- 
formance. 

[0008] The saturation voltage margins of transistors TN3 and 

TN4 are a function of I and V , but unfortunately, for a 
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given value of the bias voltage V , the two functions are 
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not constant, but rather vary in opposite directions. As a 
matter of fact, the saturation voltage margin of transistor 
TN3 is a rising function when 1^ increases unlike satura- 
tion voltage margin of transistor TN4 which is a falling 
function. Consequently, the optimization of saturation 
conditions cannot be met on a wide current 1^ range. 



[0009] FIG. 3 shows a plot of Montecarlo simulations describing 
the saturation voltage margins with the V2I converter cir- 
cuit 10' performed on 100 cases with a biasing voltage V bnq 
equal to .7 V. This voltage value is easily obtained by in- 
jecting a 20 uA current in a diode-connected FET transis- 
tor. A current I is simulated and it is assumed to include 

c 

commutation noise. To that end, this current is 10% mod- 
ulated at a frequency of 143 MHz (period T=7 ns). As ap- 
parent in FIG. 3, the saturation voltage margins (in mV) of 
respective transistors TN3 and TN4 versus the current l c 
(in uA) are plotted. Curves 25, 26 and 27 represent the 
worst case, nominal and best case of saturation voltage 
margins of transistor TN3 respectively. Likewise, curves 
28, 29 and 30 represent the worst case, nominal and best 
case of saturation voltage margins of transistor TN4 re- 
spectively. The current l c varies from about 20 uA up to 
200 uA. As known for those skilled in the art, either tran- 
sistor TN3 or TN4 goes into full saturation as soon as its 
saturation voltage margin is positive. The l c range where 
both transistors TN3 and TN4 are in full saturation thus 
extend from 20 to 210 uA with a typical process and from 
55 (point A) to 165 uA (point B) for 3-sigma worst case 
conditions. As a result, the I range is reduced by 42% and 



the frequency tuning range of the CCO is decreased in the 

same ratio in said worst case conditions. 
Summary of Invention 



[0010] | n essence, the present invention consists to use a vari- 
able voltage means in a V2I converter circuit built in a 
CMOSFET technology that is provided with a half cascode 
current mirror in the output stage to bias the gate of the 
output cascode transistor instead of using a constant bias 
to that end. The variable voltage means is designed to en- 
sure that the two transistors of the half cascode current 
mirror are simultaneously fully saturated for the widest 
possible range of the current flowing therethrough. In the 
conventional implementation of a three stage V2I con- 
verter circuit including a current mirror in the second 
stage and a half cascode current mirror in the third stage, 
said variable voltage means may simply consist of an ad- 
ditional NMOS transistor properly connected to the com- 
mon node of the current mirror in the second stage. When 
such an improved V2I converter circuit is used as a com- 
ponent of a PLL, the jitter is better controlled and the yield 
versus specification is then increased. 

[° 01 1 ] It is therefore a primary object of the present invention to 
provide an improved V2I converter circuit wherein the half 



cascode current mirror in the output stage is provided 
with variable voltage means to bias the gate of the output 
cascode MOS transistor. 

[0012] it j S another object of the present invention to provide an 
improved V2I converter circuit wherein the half cascode 
current mirror in the output stage is provided with vari- 
able voltage means to bias the gate of the output cascode 
transistor that are internally implemented. 

[0013] it j S s ti|| another object of the present invention to provide 
an improved V2I converter circuit wherein the two transis- 
tors of the half cascode current mirror circuit of the out- 
put stage operate in saturation mode over a wide range of 
the current flowing through said transistors. 

[0014] ^ i S still another object of the present invention to provide 
an improved V2I converter circuit which allows to signifi- 
cantly reduce the jitter in PLL circuits for increased perfor- 
mance at the board level. 

[0015] The novel features believed to be characteristic of this in- 
vention are set forth in the appended claims. The inven- 
tion itself, however, as well as other objects and advan- 
tages thereof, may be best understood by reference to the 
following detailed description of an illustrated preferred 
embodiment to be read in conjunction with the accompa- 



nying drawings. 
Brief Description of Drawings 



[0016] FIG. la schematically shows the block diagram architec- 
ture of a conventional voltage to current (V2I) converter 
circuit. 

[0017] FIG. lb is a curve illustrating the relation between current 
I and the differential input voltage Vin equal to V -V 
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[0018] FIG. 2 shows a detailed hardware implementation of the 
conventional V2I converter circuit of FIG. 1 in a standard 
CMOSFET technology. 

[0019] FIG. 3 shows a plot of the saturation voltage margins of 
output transistors TN3 and TN4 forming the half cascode 
current mirror in the output stage of the conventional V2I 
converter circuit of FIG. 2. 

[0020] FIG. 4 shows the block diagram architecture of the im- 
proved voltage to current (V2I) converter circuit which di- 
rectly derives from the conventional circuit depicted in 
FIG. 1 now provided with variable voltage means to bias 
the gate of the output cascode transistor of the half cas- 
code current mirror forming the output stage according to 
the present invention. 

[0021] FIG. 5 shows the detailed hardware implementation of the 



improved V2I converter circuit depicted in FIG. 4 accord- 
ing to the present invention. 
[0022] FIG. 6 shows a plot of the saturation voltage margins of 
output transistors TN3 and TN4 of the improved V2I con- 
verter circuit of FIG. 5 for comparison purposes with the 

corresponding plot of FIG. 3. 
Detailed Description 

[0023] The block diagram architecture of the improved voltage to 
current converter (V2I) circuit of the present invention is 
shown in FIG. 4 where it bears numeral 31. In essence, the 
improvement consists to implement variable voltage bias 
means to bias the gate of the output cascode transistor 
TN3 at a value dependent of the current l c flowing 
therethrough. In this particular implementation, the inno- 
vative contribution mainly lies in block 32 and simply 
consist of a single NMOS transistor referenced TN' prop- 
erly connected. As apparent in FIG. 4, said transistor TN' 
has its gate connected to the common gate of TNI and 
TN2 at node 23, its source is tied to ground and its drain 
is connected to both V and the gate of TN3. Transistor 
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TN' derives a fraction of the current I and thus modifies 

b 

the voltage V bnq which is applied to the gate of transistor 
TN3. The current I which flows through transistor TN" is 



equal to kl , i.e. k(3 1— I ), where k is a factor which de- 
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pends on the size difference between transistors TN1/TN2 
and TNT, and thus of current l c which is determining for 
the saturation state of transistor TN'. 

[0024] FIG. 5 shows the typical detailed hardware implementation 
of the improved V2I converter circuit of the present inven- 
tion schematically illustrated in FIG. 4. In FIG. 5, this im- 
plementation, referenced 31', is based on the same 
CMOSFET technology used in the FIG. 4 implementation. 

[0025] The 100 case Montecarlo simulation described above by 
reference to FIG. 3 was performed again with the im- 
proved V2I converter circuit 31' using the same operating 
conditions and current I range for comparison purposes. 
FIG. 6 shows the saturation voltage margins of respective 
NMOS transistors TN3 and TN4 versus the current I . 
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Curves 33, 34 and 35 represent the worst case, nominal 
and best case of saturation voltage margins of transistor 
TN3 respectively. Likewise, curves 36, 37 and 38 repre- 
sent the worst case, nominal and best case of saturation 
voltage margins of transistor TN4 respectively. As appar- 
ent in FIG. 6, the 1^ range where both transistors TN3 and 
TN4 are in saturation has no visible upper limit. Only the 
lower limit has increased from about 17 uA with a typical 



process up to 46 uA (point C) for 3-sigma worst case 
conditions. 

[0026] Furthermore, another important advantage with the circuit 
of the present invention is that the saturation voltage 
margin curves for both transistors TN3 and TN4 are al- 
most flat on a wide l c range, and in particular for high 1^ 
currents, improving thereby the ^tuning range and finally 
the CCO frequency tuning range. As apparent in FIG. 6, 
the plot clearly shows that the improved V2I converter cir- 
cuit 31' reduces the sensitivity, i.e. the curve gradient, of 
the saturation voltage margins of transistors TN3 and TN4 
with regards to the l c current, within the 60 to 200 uA 
range, by a factor of 3.5 and 7.5, respectively. 

[0027] jhe converter circuit 31' of FIG. 5 is well adapted to many 
PLL applications, and in particular to all PLL designs based 
on the V2I converter circuit architecture of FIG. 1 ap- 
proach, at the very low cost of a single small NMOS tran- 
sistor TN' in the described implementation. 

[0028] while the invention has been particularly described with 
respect to a preferred embodiment thereof it should be 
understood by one skilled in the art that the foregoing 
and other changes in form and details may be made 
therein without departing from the spirit and scope of the 



invention. 



